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Edited by Giulio Superti-FurgaAbstract Previous work has shown that receptor traﬃcking is a
potential site for the control of signaling pathways. In most bio-
logical experiments, the ligand concentration and cell density
vary within a wide range among diﬀerent systems. However,
there is less attention to systematically analyze how much cellu-
lar signal response is aﬀected by cell densities. Here, we use a
quantitative mathematical model to investigate signal responses
in diﬀerent receptor traﬃcking networks by simultaneous varia-
tions of ligand concentration and cell density. Computational
analysis of the model revealed that receptor traﬃcking networks
have potential sigmoid responses to ratio between ligand and sur-
face receptor number per cell, which is a key factor to control the
signaling responses in receptor traﬃcking networks. Further-
more, cell density also aﬀects the robustness of dose–response
curve upon the variation of binding aﬃnity.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Cellular signaling, such as epidermal growth factor (EGF),
transforming growth factor b, G-protein coupled receptor,
Hedgehog and Notch pathways, elicits diﬀerent cell type spe-
ciﬁc responses for cell proliferation, apoptosis, and diﬀerentia-
tion [1–4]. Previous work performed in diﬀerent systems has
shown that receptor traﬃcking event is a potential site for
the control of signaling pathways [5–8]. In most biological
experiments, the ligand concentration and cell density vary
within a wide range among diﬀerent systems. Traditionally,
the extracellular medium compartment is ignored and theoret-
ical models often assume that the ligand concentration in the
medium is constant or decaying function over time after the
ligand stimulation [5,9,10]. On the other hand, mathematical
models of receptor traﬃcking networks usually ignored theAbbreviations: EGF, epidermal growth factor; LRs, surface ligand–
receptor complex; LRi, internalized ligand–receptor complex; RLRs
ratio, ratio between ligand and surface receptor number per cell
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doi:10.1016/j.febslet.2007.08.047traﬃcking of empty receptors or the recycling steps of recep-
tors for the convenience of mathematical analysis [11–13].
However, there is less attention to systematically analyze
whether these assumptions are valid and how much cellular
signal response is aﬀected by various doses of ligand and cell
density in the diﬀerent systems. Here, we use quantitative
mathematical models to investigate the cellular signal re-
sponses in diﬀerent receptor traﬃcking networks by simulta-
neous variations of ligand concentration and cell density.
From the analysis, it becomes apparent that the assumption,
taken for granted in previous studies, that the ligand concen-
tration in the medium is constant or decaying function is only
valid in some special conditions. Computational analysis of the
model revealed that receptor traﬃcking networks have poten-
tial sigmoid responses to the ratio between ligand and surface
receptor number per cell, which is a key factor to control the
signaling responses in receptor traﬃcking networks. Further-
more, cell density also aﬀects the robustness of dose–response
curve upon the variation of binding aﬃnity. As a speciﬁc test
of the model, we found that the model predictions are consis-
tent with experimental observations of EGF dose–response
curves.2. Materials and methods
2.1. Mathematical models of receptor traﬃcking networks
Fig. 1 presents a schematic description of the receptor traﬃcking
networks in this work. Several detailed kinetic models of receptor traf-
ﬁcking networks have been previously described [5,9,11,14–16]. Here,
we revert to the canonical receptor traﬃcking models that are simple
but include the basic features of the investigated systems. The previous
canonical models either ignored the recycling step of receptors or did
not consider the traﬃcking of empty receptors for the simplicity of
mathematical analysis. For the purpose of our general analysis, we
considered eight possible topologies of receptors traﬃcking networks.
The M1 receptor traﬃcking network has a general topology which in-
cludes the de novo appearance of surface receptor, ligand–receptor
interaction, internalization, recycling and degradation of both empty
and occupied receptors. The other seven networks are derived from
the general receptor traﬃcking network M1 by the possible mutations
of corresponding recycling and dephosphorylation steps.
Similar to the previous canonical model, we model de novo appear-
ance of surface receptor as a constant production rate k1 without con-
sidering the possible regulation of receptor production. Extracellular
ligand L can reversibly bind free surface receptors Rs with forward
association rate constant k2 and disassociation rate constant k3 to form
a receptor–ligand complex LRs at cell surface. The empty and occu-
pied surface receptors are internalized with characteristic internaliza-
tion rate constants k5 and k7, respectively. On the other hand, the
empty and occupied receptors inside the cell can be recycled back toblished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the receptor traﬃcking networks. Corresponding parameters and detailed descriptions are described in the main
text.
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degradation rate constants of empty and occupied receptors are set
as k9 and k10, respectively. We also considered the eﬀect of phospha-
tases on the dephosphorylation of the activated receptors with rate
constant k8, which has not been taken into account in the previous
models. Another important feature of our model is that we distin-
guished the extracellular medium and cell as two diﬀerent compart-
ments for ligand in the medium and receptor traﬃcking molecules in
the cell (see Section 3).
The rates of change for the various components in the general recep-
tor traﬃcking network (M1) can be written as
d½Rs
dt
¼ ðk2½L þ k5Þ½Rs þ k4½Ri þ k3½LRs þ k1 ð1Þ
d½Ri
dt
¼ k5½Rs  ðk4 þ k9Þ½Ri þ k8½LRi ð2Þ
d½LRs
dt
¼ k2½L½Rs  ðk3 þ k7Þ½LRs þ k6½LRi ð3Þ
d½LRi
dt
¼ k7½LRs  ðk6 þ k8 þ k10Þ½LRi ð4Þ
d½L
dt
¼ ðk2½L½Rs þ k3½LRsÞVcell
V extra
ð5Þ
where Vcell is the volume of cell and Vextra is the volume of extracellular
medium per cell. The value of Vextra is relative to cell density and can
be calculated as following equations:
V extra ¼ V mN c ¼
1 103
D
 V cell ð6Þ
D ¼ 1 10
3
V cell þ V extra ð7Þ
where Vm is the total volume of the extracellular medium; Nc is the
total number of the cells in the medium; D is the cell density in the
culture, which is deﬁned as how many cells per ml of media culture.
Mammalian cell volumes vary among diﬀerent cell types. An ideal-
ized cell could be considered as a sphere with a diameter of 15 lm,
which results in a cell volume of 1.8 · 1012 l/cell. This value is approx-imate to the reported cell volume in mammalian cells [5,17–19]. For the
cell culture system, a typical cell culture experiment would have a cell
density of 2.5 · 106 cells/ml. Thus, Vextra = 4 · 1010 l/cell. In this
study, we focus on the cell culture system and vary the extracellular
medium volume per cell (Vextra) within the range of 1 · 1012–
1 · 108 l/cell. The corresponding range of cell density (D) in the cul-
ture is 1 · 105 to 3.6 · 108 cells/ml, which covers most of the reported
cell density values in the literatures.
Most of the parameter values in the model of the receptor traﬃcking
network have been experimentally measured and reported. In order to
keep the consistency of the kinetic parameters, we choose the average
reported values from the well-studied and well-documented EGF sig-
naling pathway. Detailed information about the choice of parameter
values is described in the Supplementary data. For the other seven
mutated receptor traﬃcking networks (M2–M8), they have the same
ordinary diﬀerential equations as Eqs. (1)–(5) with the exception that
the rate constants for the corresponding mutated steps are set zero.
The initial conditions of the empty ligand–receptor complex Rs and
Ri are set as the steady state values in the case where there is no extra-
cellular ligand present, which are
½Rs0 ¼
k1ðk4 þ k9Þ
k5k9
ð8Þ
½Ri0 ¼
k1
k9
ð9Þ
The initial conditions of the occupied ligand–receptor complex LRs
and LRi are zero.
2.2. Measurement of signal response
Accumulating evidence indicates that downstream signal responses
are coupled to the activated receptor complex at cell surface or in
the endosome [20,21]. Therefore, we used the integrated response of
the activated ligand–receptor complex at cell surface (LRs) and the
internalized ligand–receptor complex (LRi) to evaluate the signal re-
sponse of receptor traﬃcking networks. We investigated the time
course of LRs and LRi for 10 h. The integrated response of LRs is
equivalent to the following:
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Z t
0
½LRsdt ð10Þ
This expression can be evaluated approximately by the discrete sum-
mation:
Z t
0
½LRsdt¼Dt
2
ð½LRsðt0Þþ2½LRsðt1Þþ  þ2½LRsðtn1Þþ ½LRsðtnÞÞ
ð11Þ
A similar expression is also applied to the integrated response of the
internalized ligand–receptor complex (LRi).
2.3. Variations of ligand concentration, cell density and binding aﬃnity
The ligand concentration, cell density and binding aﬃnity of the
same receptor traﬃcking network in the same type of cell are usually
varied in diﬀerent experimental conditions. For each analysis, we run
the 100–10000 simulations using the latin hypercube sampling (LHS)
method [22,23], which is an eﬃcient method to sample random param-
eter vectors while guaranteeing that individual parameter ranges are
evenly covered. Detailed information about the Latin Hypercube Sam-
pling method is described in our previous work [23]. Further analyses
indicate that the results are not sensitive to the number of simulations.
The ranges of the corresponding parameters used in the samplings
span several orders of magnitude to make sure that previously reported
values are covered, which are: initial ligand concentration, 0.001–
1000 nM; binding aﬃnity, 0.02–20 nM; cell density 1 · 105 to
3.6 · 108 cells/ml.3. Results
3.1. Cell signal response behaviors diﬀerently in low and high cell
density cultures
In the models of this study, we distinguish the extracellular
medium and the intracellular space as two diﬀerent compart-
ments for ligand in the medium and receptor traﬃcking
molecules in the cell. Such a treatment is important for quan-Fig. 2. Eﬀect of cell density on the signal response. (A) The eﬀect of cell den
curves of surface ligand–receptor complex (LRs) in diﬀerent cell density cultu
course of LRs in high and low cell density cultures stimulated with same dose
stimulated with same dose of ligand.titatively investigating the dynamics of the signal response be-
cause ignoring the extracellular medium compartment will not
correctly represent the dynamics of ligand and other receptor
traﬃcking components. When cells are exposed to the same
concentration of ligand in the medium with low and high cell
density, traditional mathematical models will give us the same
dynamical behaviors of the components for a single cell. As
illustrated in Fig. 2A, the cell in low cell density cultures has
more available ligands per cell than that in high cell density
cultures because the volume of extracellular medium per cell
in low cell density cultures is larger than that in high density
cultures. Therefore, the time course dynamics of the ligand
concentration in the medium are diﬀerent in the low cell den-
sity and high cell density cultures (Fig. 2C). Furthermore,
the signal response of surface and internalized ligand–receptor
complex in low cell density cultures is stronger than that in
high cell density cultures (Fig. 2D and E).
On the other hand, the signal response of the cell shows dif-
ferent dose–response curve in diﬀerent cell density of cultures.
The dose–response curve of the signal is shifted to the right
when the cell density is increased (Fig. 2B). We also studied
the robustness of the dose–response curve on the variation of
binding aﬃnity for the ligand–receptor interaction in diﬀerent
cell density cultures. In order to investigate this issue, we
simultaneously changed the dose of ligand and the binding
aﬃnity. The simulation result indicates that cells have diﬀerent
robustness of dose–response curve upon the variation of bind-
ing aﬃnity in diﬀerent cell density cultures. The higher of the
cell density (the smaller of Vextra value), the more robust the
dose–response curve of LRs upon the variation of binding
aﬃnity (Fig. 3A–C). Similar results are observed for the
dose–response curve of LRi upon the variation of binding
aﬃnity (data not shown).sity on the volume of extracellular medium per cell. (B) Dose–response
res. (C) Time course of ligand concentration in the medium. (D) Time
of ligand. (E) Time course of LRi in high and low cell density cultures
Fig. 3. Robustness of dose–response curves on the variation of binding aﬃnity in diﬀerent cell density (D) cultures (A) D = 1 · 105 cells/ml
(Vextra = 1 · 108 l/cell). (B) D = 1 · 106 cells/ml (Vextra = 1 · 109 l/cell). (C) D = 1 · 107 cells/ml (Vextra = 1 · 1010 l/cell). The red line and blue line
represent the boundary dose–response curve of high and low binding aﬃnity, respectively. The green dots represent signal response for the
simultaneous variations of ligand concentration and binding aﬃnity.
Fig. 4. Dependence of signal response on ligand concentration, cell density, and RLRs ratio. Analysis is based on the simulations from 1000
simulations by simultaneous variations of ligand concentration and cell density. (A) The dependence of integrated signal response of LRs on ligand
concentration. (B) The dependence of integrated signal response of LRs on cell density. (C) The dependence of integrated signal response of LRs on
RLRs ratio. (D) Relation of integrated signal response of LRs and RLRs ratio. (E) Relation of integrated signal response of LRi and RLRs ratio.
4592 Z. Zi, E. Klipp / FEBS Letters 581 (2007) 4589–4595
Fig. 5. Comparison of model predictions to experimental data of EGF
dose responses. (A) Model predictions of dose–response of signal in
small and large medium volumes. (B) Maximum signal responses to
EGF in small and large medium volumes. Other conditions of the
experiments are the same except the diﬀerent volume of medium. (B) is
generated according to the experimental data obtained by Knauer
et al. (Fig. 1B in [14]).
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surface receptor numbers per cell
For a certain type of cell, the cell density of the cultures and
doses of ligand are usually varied within a wide range under
diﬀerent experimental conditions. We next systematically ana-
lyzed which factor determines the signal response when the
ligand concentration and cell density are simultaneously varied
in the general receptor traﬃcking network (M1). The result
indicates that neither the ligand concentration nor the cell den-
sity is the key factor to control the signal response (Fig. 4A
and B). However, when we investigated the correlation of
the signal response and the ratio between the ligand and sur-
face receptor number per cell, we surprisingly found that the
receptor traﬃcking network shows a sigmoid response of
LRs to the ratio between the ligand and surface receptor num-
ber per cell (Fig. 4C). The ratio between the ligand and surface
receptor number per cell (RLRs) is deﬁned as
RLRs ¼ L0  V extra  N av
N c  N r ð12Þ
where L0 is the initial concentration of the ligand in the med-
ium; Vextra is the volume of extracellular medium per cell; Nc is
the total number of the cells in the culture; Nav is the Avoga-
dro’s number, 6.02 · 1023; Nr is the total number of surface
receptors per cell. The RLRs ratio reﬂects the ratio between
the average available ligand number in medium for each cell
and the number of surface receptors per cell.
We next asked whether the sigmoid signal response to the
RLRs ratio is a general principle in all the receptor traﬃcking
networks (M1–M8 networks) by simultaneously varying the
ligand concentration and cell density. We investigated the sig-
nal responses of the activated surface ligand–receptor complex
(LRs) and the internalized ligand–receptor complex (LRi),
which are coupled to the signal response in diﬀerent signaling
pathway. As shown in Fig. 3D and E, the sigmoid signal re-
sponse to the RLRs ratio generally occurs in all the investigated
receptor traﬃcking networks. Comparing the relationship be-
tween signal response and RLRs ratio in the diﬀerent receptor
traﬃcking networks, the recycling step of empty receptor leads
to a higher maximum response of LRs and LRi (M1 versus M5,
M2 versus M6, M3 versus M7 and M4 versus M8 in Fig. 4D
and E). Furthermore, recycling of occupied receptor also in-
creases the maximum response of LRs, but it has less eﬀect
on the maximum response of LRi (M1 versus M2, M3 versus
M4, M5 versus M6 and M7 versus M8 in Fig. 4D and E).
3.3. Comparison of model prediction with experimental
observations
Finally, we compared the model predictions to the experi-
mental data. Because the EGF signaling pathway has been well
studied and documented for more than 20 years, we compared
the reported experimental results on the EGF signaling re-
sponse to diﬀerent doses of EGF [14,24,25]. Although the sig-
nal responses in these experiments are measured by diﬀerent
methods and in diﬀerent systems, all of them indicated that
EGF receptor traﬃcking networks have sigmoid responses to
the dose of EGF. On the other hand, the dose–response curve
of EGF signal investigated by Knauer et al. also indicated that
the same type of cells have diﬀerent signal responses to the
same concentration of EGF in large and small volumes of
medium [14] (Fig. 5B). The dose–response curve of EGF ob-
tained from microﬂuidic channel was also found to be shiftedto the right compared to that from normal culture dish in the
work of Sawano et al. [24]. No reasons were proposed to ex-
plain that the same type of cells has diﬀerent responses to
the same of dose of EGF. According to the ﬁnding of this
study, we suggest an explanation for the diﬀerent dose–
response curves of EGF for the same type cells in diﬀerent
systems. According to the work by Knauer et al. [14], the dif-
ference between the two experiments is the diﬀerent volume of
medium, which means the cell densities are diﬀerent in the two
experiments. The decrease of medium volume corresponds a
smaller value of the extracellular medium volume per cell (Vex-
tra), which leads to the reduction of the RLRs ratio and then
reduces the signal response to EGF. Therefore, the dose–re-
sponse curve obtained from small medium volume (high cell
density) shift to the right compared to that from large medium
volume (low cell density) (Fig. 5A). The same interpretation
might be also applied to explain the diﬀerence in the work of
Sawano et al. [24].
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Our analysis shows that there is a sigmoid response of acti-
vated receptor to the ratio between the ligand and surface
receptor number per cell (RLRs ratio) in receptor traﬃcking
networks. The conclusion drawn here does not depend on spe-
ciﬁc arrangements such as speciﬁcally assumed receptor traf-
ﬁcking topology, the assumption of the constant or decaying
ligand concentration or speciﬁc cell density in the culture.
Therefore, we propose here that the sigmoid signal response
is potentially existent in all the receptor traﬃcking networks.
Many factors contribute to the RLRs ratio, which enable cells
to have diverse mechanism to control the signal response. One
common way of modifying the RLRs ratio is the generation of
ligand concentration gradients during cell development. The
gradient of ligand provides a powerful mechanism for specify-
ing cell fate in developmental biology [26,27]. The result in this
work suggests that the ligand gradients cover the ultrasensitive
range of the sigmoid dose–response curve (Fig. 2B). If the con-
centrations of the ligand gradient are out of ultrasensitive
range, cells can not sense the diﬀerence in the ligand concentra-
tions, which makes cells unable to specify diﬀerent gene expres-
sions or cell fates. Moreover, the signal response of receptor
traﬃcking networks will be saturated when the ligand concen-
tration is larger than a certain threshold. The cell density of the
culture for a certain type of cell can change saturation thresh-
old of the dose–response curve (Fig. 2B).
In general, the purpose of this study is not to explain the sig-
nal responses in any speciﬁc receptor traﬃcking network, but
rather to investigate the underlying principles for the general
responses of receptor traﬃcking networks. We also want to
point out that the mathematical model shown in this study is
based on the step signal/ligand scenario, Therefore, the simula-
tions and results shown in this study is relevant to these cases:
the paracrine systems or in experimental scenarios where
soluble growth factors are added to the extracellular medium.
For particular receptor traﬃcking pathways, it will be impor-
tant to take other complexities into account. These complexi-
ties include the cell size and shape [28], non-linear kinetics of
receptor activation (receptor homodimerization and heterodi-
merization), particular receptor endocytosis dynamics, speciﬁc
ligand–receptor interaction [13] and the potential crosstalk of
the same receptor in diﬀerent pathways. With respect to these
complexities, the sigmoid response curve might be various in
diﬀerent pathways. For example, the thresholds for ultrasensi-
tive range could be shifted in diﬀerent traﬃcking networks.
Comparing the signal response curves of M1 and M5 receptor
traﬃcking networks in Fig. 3D, we found that the signal
response curve in M5 shifts to the left. Thus, the mutation of
the recycling step for the empty receptor in the receptor traf-
ﬁcking network decreases the saturation threshold of signal
response to the RLRs ratio. Therefore, it will be important
to study the speciﬁc signal response for a particular pathway.
In summary, cellular signal response is potentially controlled
by ratio between ligand and surface receptor number per cell.
Sigmoid signal response is a general principle in diﬀerent
receptor traﬃcking networks. It is expected that it will not
be able to accurately predict cell signal response in receptor
traﬃcking networks if we take for granted that the ligand con-
centration in the medium is constant or a decaying function
over time. Therefore, to fully understand the complexity of
cellular signaling pathways it will be necessary to considerthe ligand concentration and cell density which contribute to
the variation of the ratios between ligands and surface recep-
tors per cell.
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